In this study, the thermal stability of the in-plane uniaxial anisotropy field of multilayer films was investigated from room temperature up to 500 with regard to contactless high-frequency sensor applications. The uniaxial anisotropy field of about was thermally induced by annealing the films in a static magnetic field of 50 mT in vacuum for one hour either at an annealing temperature of or . The films which were annealed at show a clear distinction between the easy and hard axis of polarization up to temperatures of 500 . Hence, the uniaxial anisotropy, thermally induced at , is stable at working temperatures up to 500 . In contrast, films with a uniaxial anisotropy induced at show a different behavior. Here, hysteresis loop measurements indicate that above a working temperature of 200 the uniaxial anisotropy field turns away from its direction at room temperature. In conclusion, only the multilayer films with a uniaxial anisotropy field induced at promise a great potential for contactless high-frequency sensor applications up to 500 .
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I. INTRODUCTION
H
ARD coatings produced by PVD processes are well established in engineering in order to enhance the lifetime of tools or components. Furthermore, a permanent online inspection of the damage or wear state of the coated surface via contactless high-frequency sensor signals during operation would be beneficial. Ferromagnetic properties are sensitive to changes in temperature and/or strain, and a wear resistant coating with an embedded ferromagnetic phase was first proposed in 2009 [1] . In the present study, ferromagnetic Fe-Co-Hf-N layers were combined with wear resistant Ti-N layers in a multilayer film design in order to realize a functional sensor material.
Mechanical strain applied to a magnetostrictive material changes its magnetization which is known as the Villari effect [2] . Many sensor technologies based on this effect have been developed like hearing aids, load cells, accelerometers, proximity sensors, torque sensors, and magnetometer sensors [3] - [6] . Furthermore, magnetostrictive sensors based on thin films to measure mechanical quantities are well established [7] - [9] .
A contactless inspection which is based on the Villari effect can be realized by detecting changes in susceptibility [10] , in magnetic hysteresis [11] or by shifting the ferromagnetic resonance frequency [12] . The latter can be up to the GHz regime. For uniformly magnetized samples the resonance frequency can be expressed by the exact Kittel resonance formula (1) Therefore, changes in depend on changes in the uniaxial anisotropy field and/or in the saturation polarization . In order to obtain ferromagnetic resonance frequencies in the GHz regime, sufficiently high saturation polarization values and uniaxial anisotropy fields are needed.
In this study, an in-plane uniaxial anisotropy field was induced by annealing the multilayer films in a static magnetic field of 50 mT for 1 h at annealing temperatures of 400 or 600 , respectively. When operated as a sensor, the coating will be exposed to high temperatures. Thus, investigating the possible degradation of the thermally induced uniaxial anisotropy field is an essential task. We present a study on the thermal stability of the in-plane uniaxial anisotropy field as well as on the temperature dependence of the saturation magnetization and coercive field from room temperature up to 500 with regard to possible high-frequency sensor applications.
II. SAMPLE PREPARATION AND EXPERIMENTAL DETAILS
Fe-Co-Hf-N/Ti-N multilayer films were deposited onto thermally oxidized Si (100) substrates (5 mm 5 mm and 380 thickness) by sequential magnetron sputtering in a reactive gas atmosphere. The reactive gas ratio was at a total gas pressure of 0.2 Pa. A 6-inch target which was operated at a DC power of 700 W and a 6-inch target with an RF power of 250 W were used for deposition. The multilayer films with a total thickness of about 1 were grown by an alternating deposition of seven Ti-N and Fe-Co-Hf-N individual layers with one Ti-N top layer. By keeping a constant ratio of this led to an individual layer thickness of 67 nm and 53 nm for Ti-N and Fe-Co-Hf-N, respectively.
After deposition, the samples were post-annealed in vacuum (base pressure ) in an in-plane static magnetic field of 50 mT for 1 h at either or , in order to induce a uniaxial anisotropy field.
The chemical composition was measured by electron probe microanalysis (EPMA) by using single layer Ti-N and 0018-9464/$31.00 © 2013 IEEE Fe-Co-Hf-N films deposited under identical growth conditions. The composition results were and . This was also confirmed for the multilayer films using depth profile auger electron spectroscopy (AES). The in-plane hysteresis loops in the easy and hard direction of polarization were measured by using a Lakeshore Model 7300 vibrating sample magnetometer (VSM) with an additional high temperature chamber (Lakeshore 74034) ranging from room temperature up to 500 , in order to determine the temperature dependent in-plane uniaxial anisotropy field , the saturation polarization and the coercive field . The measurement procedure was the following. First, the film was saturated in an external magnetic field at room temperature. Then, at zero field the dependence of the remanent film polarization direction was measured while rotating the sample horizontally by 360 . This angle-dependent remanence measurement was carried out to identify the in-plane easy axis of polarization. The hard axis of polarization is then perpendicular to the easy axis, which was tested by VSM measurements. After that, the hysteresis loops in the easy and hard axis of polarization were measured at room temperature. The sample was then heated up to 100 , and the hysteresis loops in the easy and hard axis of polarization were measured again. These steps-heating and measurement of both hysteresis loops-were repeated at 200 , 300 , 400 , and 500 .
III. RESULTS AND DISCUSSION
A. Multilayer Films Annealed for One Hour at
In Fig. 1 , the temperature dependent hysteresis loops of the multilayer films annealed at are shown. The polarization of the film was measured in the easy (a) and hard axis (b). As expected, the saturation polarization decreases with increasing temperature. Additionally, relative changes in up to 500 are rather small, indicating that the Curie temperature of is in same order of magnitude as the Curie temperature of FeCo [13] . Furthermore, we observe a decrease in the coercive field in the hard axis of polarization with increasing temperature. This can be explained by the additional thermal energy provided while heating the film. Therefore, the magnetic energy necessary for the magnetization reversal of the film is reduced.
As can be clearly seen from Fig. 1 , the distinction between the easy and hard axis of polarization is maintained with increased temperature. Consequently, the thermally induced in-plane uniaxial anisotropy field remains stable in its direction. The absolute value of slightly decreases with increasing temperature from 5 mT at room temperature to 3.4 mT at 500 .
Based on the temperature dependence of both, the saturation polarization and the uniaxial anisotropy field, we calculated the theoretical resonance frequency for different temperatures by using the Kittel resonance formula (1), as shown in Fig. 2 . A decrease of with temperature increase is predicted due to the decrease in and . At room temperature, the expected resonance frequency was confirmed experimentally by measuring the HF-permeability. With regard to contactless high-frequency sensor applications, it is therefore Fig. 1 . Hysteresis loops of a multilayer film measured in the easy (a) and hard axis (b) of polarization from RT up to 500 . The uniaxial anisotropy was thermally induced by annealing the film for one hour at 600 in vacuum in a static magnetic field. With increasing temperature the uniaxial anisotropy remains stable in direction.
significant that the thermally induced uniaxial anisotropy field is stable even at high temperatures. Within one hour at a temperature of 500 , the multilayer films with a uniaxial anisotropy field induced at do not show any changes in the direction of the uniaxial anisotropy field.
Additionally, an oxidation process in terms of degradation was investigated by measuring auger electron spectroscopy depth profiles before and after heating the multilayer film up to 500 in air, which is shown in Fig. 3 . As depicted in Fig. 3(a) , the depth profile of a multilayer film annealed at in vacuum does not contain oxygen.
In comparison, Fig. 3(b) shows that after heating the multilayer film up to 500 in air for 1 h during the measurement procedure, the TiN top layer has extremely oxidized to . However, a diffusion of oxygen to the magnetic layer has not occurred, so that the ferromagnetic properties are conserved. Therefore, the multilayer films annealed at are suitable as a functional sensor material for detecting changes in the resonance frequency up to 500 . Fig. 2 . The theoretical resonance frequency was calculated for different temperatures with the aid of the exact Kittel resonance formula (1) using the temperature dependent saturation polarization and uniaxial anisotropy field values. Fig. 3 . Auger electron spectroscopy depth profiles of the multilayer film annealed at in vacuum before (a) and after (b) heating up to 500 in air for 1 h during the measurement procedure. Before heating, the multilayer film does not contain oxygen, whereas after heating up to 500 in air for 1 h, the entire TiN top layer of the multilayer film has almost oxidized to .
B. Multilayer Films Annealed for One Hour at
Annealing the multilayer films at instead of 600
have the advantage of a smaller coercive field and a smaller mean magnetocrystalline anisotropy constant due to a smaller grain size [14] . Therefore, Fig. 4 . Hysteresis loops of a multilayer film measured in the easy (a) and hard axis (b) of polarization from RT up to 500 . In this case, the uniaxial anisotropy was thermally induced by annealing at 400 for one hour in vacuum in a static magnetic field. The uniaxial anisotropy of 5 mT starts to decrease at a temperature of 200 until it completely vanishes at 500 , as can be seen in (b).
multilayer films with a uniaxial anisotropy field induced at for 1 h in a static magnetic field were also investigated with respect to the temperature dependence of . The hysteresis loops of the multilayer films annealed at for 1 h measured in the easy and hard axis of polarization from room temperature up to 500 are shown in Fig. 4 . At room temperature, the in-plane easy axis was identified by the angle-dependent remanence measurement at 100 and the hard axis at 10 . As observed by comparing Fig. 4(a) and (b) , the distinction between the easy and hard axis hysteresis loops is clear at room temperature, but starts to vanish above a working temperature of 200 . Hence, with increasing temperature the direction of the in-plane uniaxial anisotropy seems to shift out of the originally preferred direction. That is why the hysteresis loops measured in the "hard axis" of polarization at 10 show a decreasing uniaxial anisotropy field. Probably, a combination of mechanically and thermally induced strain in the magnetostrictive material leads to the change of the uniaxial anisotropy field direction.
With regard to contactless high-frequency sensor applications, the multilayer films annealed at for 1 h are less suitable for detecting changes in the resonance frequency above working temperatures of 200 . In contrast, a thermal stability up to 500 can be achieved by annealing the films for 1 h at , as previously discussed.
IV. CONCLUSION
In this paper, we have presented investigations on the temperature stability of the thermally induced uniaxial anisotropy field in multilayer films. By annealing the multilayer films after deposition for 1 h at or 600 in a static magnetic field in vacuum a uniaxial anisotropy field of about was induced. Hysteresis loop measurements from room temperature up to 500 in the easy and hard axis of polarization have shown that the films annealed at offer a temperature stability of up to 500 for at least 1 h. In contrast, the multilayer films which were annealed at lose this metastable state above 200 because the orientation of the uniaxial anisotropy in the film plane has shifted out of its room temperature direction.
Furthermore, the multilayer films are proposed as wear resistant coatings with an integrated sensor function, in order to detect changes in the ferromagnetic resonance frequency. Consequently, the sensor functionality must be preserved even at high temperatures. In conclusion, only the multilayer films with an induced uniaxial anisotropy field at promise a high potential for contactless high-frequency sensor applications up to 500 .
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